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I n  a prev ious  communication we r e p o r t e d  t h a t  a major  p o r t i o n  
of  a low rank v i t r i n i t e  (80.8% C, da f )  could be  converted t o  ch lor -  
oform s o l u b l e  products  by non-reduct ive e t h y l a t i o n  i n  l i q u i d  ammo- 
n i a  (A). This  paper  p r e s e n t s  t he  r e s u l t s  of o u r  more in-depth s t u -  
d i e s  on non-reduct ive a l k y l a t i o n  of f i v e  Cretaceous and two Carbon- 
i f e r o u s  c o a l s .  To a s s i s t  i n  unders tanding  of t h e  chemical a s p e c t s  
of t h e  non-reduct ive a l k y l a t i o n ,  which h a s  been only  margina l ly  
explored i n  o r g a n i c  chemistry,  a c o n s i d e r a b l e  amount of work was 
c a r r i e d  o u t  on a l k y l a t i o n  of  v a r i o u s  model compounds. 

Experiment a 1  

The p a r t i c l e  s i z e  of  c o a l  samples was reduced t o  below 300 mesh 
and, p r i o r  t o  r e a c t i o n ,  t h e  samples were d r i e d  i n  vacuo (13 pas- 
c a l s )  a t  7OoC. The r e a c t i o n  w a s  conducted under p r o t e c t i v e  cover 
of oxygen-free hel ium i n  150 m l  of  v igorous ly  s t i r r e d  l i q u i d  ammo- 
n i a  c o n t a i n i n g  sodium and potassium amides genera ted  "in s i t u "  by 
a c t i o n  of anhydrous f e r r i c  c h l o r i d e  (0.8-1.0 g) on m e t a l l i c  sodium 
(3.0 g) and potassium (3.0 9). P r e c a u t i o n s  w e r e  taken t o  ensure  
t h a t  a complete conversion of m e t a l s  t o  t h e  r e s p e c t i v e  amides took 
p lace  p r i o r  t o  a d d i t i o n  of c o a l  sample. 
f o r  s i x  hours .  100 m l  of  anhydrous e t h y l  e t h e r  w a s  added and the  
c o n t e n t s  were a l k y l a t e d  wi th  2.05 molar excess (on t h e  combined 
a l k a l i  meta ls )  of t h e  d e s i r e d  a l k y l  bromide. S o l v e n t s  and excess  
a l k y l  bromide evaporated overn ight .  
wi th  5 N hydrochlor ic  ac id ,  t h e  product  w a s  washed thoroughly wi th  
co ld  water ,  e x t r a c t e d  overn ight  w i t h  r e f l u x i n g  w a t e r  and d r i ed .  
Three success ive  e t h y l a t i o n s  w e r e  c a r r i e d  o u t  on each sample of  
coa l .  

Alkyla t ion  of model compounds was c a r r i e d  o u t  under s i m i l a r  
condi t ions  except  t h a t  s m a l l e r  q u a n t i t i e s  of  ammonia (70-80 m l ) ,  
f e r r i c  c h l o r i d e  (0.5 g ) ,  sodium (1.7 g) and potassium (1.7 g) were 
used. The amount of  s u b s t r a t e  was always t h e  same (0.028 M). 
React ion product  was recovered e i t h e r  by f i l t r a t i o n  ( s o l i d s ) ,  o r  by 
e x t r a c t i o n  w i t h  o r g a n i c  s o l v e n t  (chloroform o r  e t h e r ) .  Products  
were analysed by GC, GC-MS and NMR spec t roscopy.  

The mixture  was s t i r r e d  

The c o n t e n t s  were a c i d i f i e d  
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Proton and C-13 s p e c t r a  of s o l u b l e  products  ( a lky la t ed  c o a l s  and 
model compounds) were recorded i n  CDC13 u s ing  Brueker WP-80 appara- 
t u s .  For C - 1 3  NMR s p e c t r a  s i g n a l  accumulation w a s  necessary.  C-13 
s p e c t r a  of s o l i d  c o a l s  were recorded i n  t h e  Labora to r i e s  of  t h e  
Na t iona l  Research Counci l ,  O t t a w a ,  us ing a Brueker CXP-180 spec t ro -  
meter and c r o s s  polar izat ion-magic angle  sp inn ing  technique.  

sub f rac t ions  were determined i n  p y r i d i n e  u s i n g  Corona-Wescan vapour 
p re s su re  osmometer and c o n c e n t r a t i o n s  1-20 g/Kg. 

GPC f r a c t i o n a t i o n  was c a r r i e d  o u t  on column of  Sephadex LH-60, 
an hydroxypropylated dex t r an  g e l ,  80 cm i n  l eng th  and 2.5 cm i n  
diameter  u s ing  chloroform as s o l v e n t .  

Resu l t s  and Discussion 

Number average molecular  we igh t s  of c o a l  e x t r a c t s  and of t h e i r  

A lky la t ion  of Coals .  The in fo rma t ion  r ega rd ing  t h e  o r i g i n  and 
rank of  coa l s  t e s t e d  and the r e s u l t s  of a l k y l a t i o n  s t u d i e s  conduc- 
t e d  on these c o a l s  i s  summarized i n  Table 1. 
groups introduced i n t o  c o a l  v a r i e d  from 7 t o  18 p e r  100 o r i g i n a l  
carbon atoms. The ca rbon i fe rous  coals t e s t e d  i n  these s t u d i e s  
appeared t o  b e  more s u s c e p t i b l e  t o  s o l u b i l i z a t i o n  than t h e i r  Cre- 
taceous coun te rpa r t s .  A lky la t ion  took p l a c e  on bo th  oxygen and 
carbon atoms. Depending on c o a l ,  t h e  r a t i o  o f  a l k y l a t e d  oxygen t o  
a l k y l a t e d  carbon atoms v a r i e d  from 0 ( c o a l  115) t o  approximately 
0.5 ( c o a l s  P 1 ,  2 and 3) .  

hydroxyl groups more e f f i c i e n t l y  than  s h o r t  cha in ,  e t h y l  groups.  
There i s  a r e s i d u a l  l e v e l  o f  hydroxyl groups which d e f i e s  e thy la -  
t i on .  No s imple r e l a t i o n s h i p  e x i s t s  between the  number of  a l k y l s  
introduced and the  deg ree  of  s o l u b i l i z a t i o n .  

Non-reductive a l k y l a t i o n  of  c o a l  117 l e d  t o  h igh  conversion of 
t h i s  c o a l  t o  chloroform s o l u b l e  product .  Ex t r ac t ion  of a small 
sample (0.5 g) of t r i p l y  e t h y l a t e d  coa l  r e s u l t e d  i n  63% s o l u b i l i t y .  
However, when l a r g e r  sample (10 g) was s i m i l a r l y  e x t r a c t e d ,  t h e  
s o l u b i l i t y  w a s  lowered to 48.1%. E s s e n t i a l l y  t h e  same t o t a l  solu- 
b i l i t y  (49.6%) was ob ta ined  when e t h y l a t i o n  w a s  a l t e r n a t e d  wi th  
e x t r a c t i o n  a f t e r  each of t h e  t h r e e  e t h y l a t i o n  s t e p s .  Such expe r i -  
mental  sequence w i l l  be  r e f e r r e d  t o  i n  t h i s  t e x t  as a l t e r n a t e  e thy-  
l a t i o n s  l, 2 and 3 .  

e i t h e r  method are similar: 1260 f o r  t r i p l y  e t h y l a t e d  c o a l ,  and 
1140, 1300 and 1250 f o r  s o l u b l e  p a r t s  of a l t e r n a t e  e t h y l a t i o n s  1, 2 
and 3 r e spec t ive ly .  

G e l  permeation chromatography of  s o l u b i l i z e d  f r a c t i o n  of t r i p l y  
e t h y l a t e d  c o a l  showed t h a t  8.7% of  sample had molecular weight of 

t o  1 ,040;  10.4% - 875; 2.6% - 580; and 9% of sample was n o t  recov- 
e red  from t h e  column, even a f t e r  t h e  p o l a r i t y  of chloroform w a s  in-  
creased by a d d i t i o n  of 1% ethano l .  

NMR Spectra .  

The number of a l k y l  

Long chain a l k y l  groups,  n-butyl  and n-hexyl, seem t o  a l k y l a t e  

Number average molecu la r  weights  of f r a c t i o n s  s o l u b i l i z e d  by  

15,440; 11.2% - 10,430;  10.4% - 5,740; 12.3% - 2,570; 35.2% - 910 

NMR s p e c t r a  of u n t r e a t e d  s o l i d  coa l  #7 and o f  i t s  
Comparison of  s o l u b i l i z e d  f r a c t i o n s  are reproduced i n  F igu res  1-4. 
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the  a l i p h a t i c  r eg ion  of C - 1 3  s p e c t r a  of our  f r a c t i o n s  wi th  C-13 
spectra of s o l i d  c o a l ,  c o a l  l i q u i d s  and coa l  e x t r a c t s  publ ished i n  
l i t e r a t u r e  (2, 2, A) is made i n  Table 2. 
i n t e n s e  l i n e  is  t h a t  a t  29-30 ppm. 
14 ppm are s t rong  i n  t h e  f r a c t i o n s  of e t h y l a t e d  coal. 
are a s soc ia t ed  wi th  the  methyl carbons of  t h e  in t roduced  e t h y l  
groups. This w a s  proven conc lus ive ly  by e t h y l a t i o n  w i t h  Dg-ethyl 
bromide, which l e d  t o  disappearance o f  t hese  bands (Figure 3) to- 
ge the r  with e l imina t ion  of much of t h e  underlying hump i n  t h e  25- 
35 ppm region (methylene abso rp t ions  f3 t o  an a romat i c  r i n g ;  r e f  z). 

Noticeable d i f f e r e n c e  between t h e  C-13 s p e c t r a  of  non-reductive- 
l y  s o l u b i l i z e d  c o a l  and t h e  s p e c t r a  of  f r a c t i o n s  r e s u l t i n g  from 
o t h e r  methods of s o l u b i l i z a t i o n  is the  C-13 l i n e  a t  46 ppm. 
so rp t ion  band approximating t h i s  frequency is  seen  i n  t h e  spectrum 
of s o l i d  c o a l  of  Z i l m  and co-workers (2). 
c o a l  #7. The environment r e spons ib l e  f o r  t h i s  abso rp t ion  w a s  l o s t  
i n  o t h e r  methods of s o l u b i l i z a t i o n  b u t  w a s  preserved i n  ou r  al ter-  
n a t i v e l y  e t h y l a t e d  samples. The i n t e n s i t y  of t h i s  s p e c t r a l  l i n e  
i n c r e a s e s  p rogres s ive ly  f o r  s o l u b i l i z e d  f r a c t i o n s  of alternate 
e t h y l a t i o n s  from 1 t o  3. This  s t r eng then ing  of abso rp t ion  a t  46 
ppm seems t o  be  a s s o c i a t e d  w i t h  a weakening s i g n a l  a t  29 ppm. 
Another r e l e v a n t  obse rva t ion  i s  t h a t  t h e  l i n e  a t  46 ppm is  absen t  
i n  t r i p l y  e t h y l a t e d  coa l .  It a l s o  disappeared on second e t h y l a t i o n  
of s o l u b l e  product from a l t e r n a t e  e t h y l a t i o n  1. The above s p e c t r a l  
observat ions could b e  i n t e r p r e t e d  i n  terms of changes i n  C-13 chemi- 
c a l  s h i f t s  occu r r ing  on a l k y l a t i o n  of s t r u c t u r a l  u n i t  of  c o a l  of a 
9,lO-dihydrophenanthrene (DHP) type.  

29 ppm. On e t h y l a t i o n ,  when both hydroaromatic carbons are t r ans -  
formed i n t o  t e r t i a r y  carbon atoms (-CHR-CHR-) t h e i r  C-13 abso rp t ion  
s h i f t s  t o  46 ppm. Under cond i t ions  of exhaus t ive  e t h y l a t i o n  (tri- 
p l e  e t h y l a t i o n  of t h e  same c o a l  s a m p l e ,  and second e t h y l a t i o n  of 
so lub le s  of a l t e r n a t e  e t h y l a t i o n  1 )  t h e  e a s i l y  a c c e s s i b l e  sites do 
no t  e x i s t  any more. The more d i f f i c u l t  t e r t i a r y  environments are 
then s u b s t i t u t e d  which l e a d s  t o  disappearance of  t h e  s p e c t r a l  l i n e  
a t  46 ppm. 

The most c o n s i s t e n t  and 
Absorption bands a t  9 ,  12 and 

These bands 

Ab- 

It is  a l s o  p r e s e n t  i n  

Secondary carbons i n  9 and 10  p o s i t i o n s  of  9,lO-DHP absorb a t  

E thy la t ion  of Model Compounds. E igh t  model compounds (adaman- 
t ane ,  indan, d ibenzy l ,  diphenylmethane, 9,1O-dihydrophenanthrene, 
9,lO-dihydroanthracene, f l uo rene  and acenaphthene) were e t h y l a t e d  
under t h e  cond i t ions  of non-reductive a l k y l a t i o n  of c o a l .  GC-MS 
and NMR ana lyses  of t h e  products  provided in fo rma t ion  on relative 
r e a c t i v i t y  of hydrogen atoms i n  these compounds (Table 3 ) .  Hydro- 
gen atoms i n  po lycyc l i c  condensed network of adamantane are unreac- 
tive. Neg l ig ib l e  monoethylation (0.1%) occurred i n  indan. Ethyla- 
t i o n  of  d ibenzy l  w a s  low, and t h a t  of 9,lO-DHP on ly  moderate. Ac- 
t i v a t i o n  of methylene group by t w o  phenyl r i n g s  makes t h e  hydrogen 
q u i t e  r e a c t i v e  i n  l i q u i d  ammonia. 
o l e f i n i c  bond as i n  indene (an impuri ty  i n  indan)  i s  a l s o  e f f e c t i v e .  
Hydrogen atoms i n  9 and 10  p o s i t i o n s  of dihydroanthracene and i n  9 
p o s i t i o n  of  f l u o r e n e  s u b s t i t u t e  very r e a d i l y .  

Ac t iva t ion  by phenyl  r i n g  and an 
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Acenaphthene produced a puzzle:  a l l  of i t  r e a c t e d  t o  g ive  
m u l t i p l e  isomers of di-, tri-, tetra-, and even penta-ethylated 
compounds. 
t e d .  

The C-13 s p e c t r a  of e t h y l a t e d  c o a l  and o f  some of the  model 
compounds have abso rp t ion  l i n e s  u p f i e l d  t o  8.4 ppm. These are t h e  
abso rp t ion  l i n e s  of  t he  methyl carbons 'd t o  an aromatic  r i n g .  The 
p resen t ly  known u p f i e l d  a b s o r p t i o n  l i m i t  f o r  t h e  8 methyl groups 
extends only t o  about 10  ppm (5).  
e thy la t ed  c o a l s ,  t h e  h igh  f i e l d  abso rp t ion  w a s  observed f o r  t h e  
methyl carbon i n  diethyldiphenylmethane (8.4 pprn), 9 ,9 ,10,10-tetra-  
ethyl-9,lO-dihydroanthracene (8.6 ppm) and 9.9-diethylf luorene (8.5 
ppm). 
9,10-diethyl-9,10-dihydrophenanthrene (46.3 pprn); 9,10-diethyl-9,-  
10-dihydroanthracene (48.4 ppm) and i n  1-ethyl-1,2-diphenylethane 
(carbon 1-49.9 ppm; carbon 2-43.6 pprn). 
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1 
Table  2. A l i p h a t i c  Region of C-13 IWR S p e c t r a  of  Coals and Some Coal 

Derived Products  

Sample 

c o a l  # 7  ( s o l i d )  

c o a l  ( s o l i d )  (2) 
c o a l  e x t r a c t  (2) 

Chemical S h i f t s ,  ppm from THS 

-46-435 -301* - -19- -14-11- 

-29- -20-15- - -44- 

37.8 32 .4  30.2 29.8 23.1 21.5 19.1 14.2 

31.9 - 29.7 22.1 21.4 19.8 14.1 

c o a l  l i q u i d  (2) 33 - 29 22 20 1 7  15 

coal l i q u i d  (5) 
t r i p l y  e thyl i  67 

d t r i p l y  Dg-ethyl- 
17 

a l t . e t h y l a t i o n  1 

a l t . e t h y l a t i o n  2 

a l t . e t h y l a t i o n  3 

alt. e t h y l a t i o n  1 
e t h y l a t e d  aga in  

31 30 22 

37 32 _. 29.5 22.5 21.5 

29.7 23  21.5 19 

46 37 33 32 - 29 23 22 19  

- 43 37 32 

- 46 32 31 2 22 

- 46 29 28 22 

-33- - 29 -22- 

1 5  

-14 -12 -2- 

14 

15 14 -2- 
1 5  1 4  -8.5- 

15 14 12-9- 

-15-14-12-8.5 

*-43-iadicates a broad band w i t h  a maximum. f o r  example, a t  43 

**underline i n d i c a t e s  a h i g h  i n t e n s i t y  a b s o r p t i o n  

116 



Model 
Compound 

Adamant ane 

Indan 

Dibenzyl 

Diphenyl- 
methane 

9.10-Di- 
hydrophenan- 
threne 

9.10-Di- 
hydroanthra- 
cene 

Fluorene 

Table  3. Sunraary Information on E thy la t ion  of Model Compounds 

Molar X - A l i p h a t i c  C-13 nmr s h i f t s  of - 
Ratio* Conversion o r i g i n a l l y  p r e s e n t  C i n t roduced  e t h y l  

modif ied by e t h y l a t i o n  

C cn C"2 a 2  m3 

1.07 NR** 

1.07 99.9 NR 
0.1 mono- 

1.07 98 NR 
2 mono- 

2.14 93.6 mono- 
6.4 d i -  

1.07 66.7 NR 
24.7 mono- 

0.6 d i -  

1.07 53.4 d i -  
24.3 tri- 
22.3 t e t r a -  

2.14 100 d i -  

49.9 43.6 

53.4 

- 40.2 33.6 - 46.3 - 
- 48.3 - 

56.2 - - 

moles of combined a l k a l i  metals to moles of hydrogen on o< 
carbon t o  a n  aromatic  ring 

28.4 

28.6 
29.4 

26.2 
27.9 

35.2 

32.8 

12 .o 

12.8 
8.4 

12  .o 
12.2 

13.3 

8.6 

8.5 

** NR - no r e a c t i o n  
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Figure 1. C-13 nmr spectrum of s o l i d  coal  no. 7 .  

1 1 1 1 1 1 1 1 1 1 1 1 4 ,  

ppm 120 100 80 60 40 20 

5 
h 0 

L 
Figure 2 .  C-13 nmr spectra of so lubi l ized  coal  no.  7 a f ter:  

A- f i r s t  a l ternate  e thylat ion;  B-second alternate 
e thylat ion;  C-third alternate e thylat ion.  
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1 1 1 1 1 1 1 I I  I * 1 1 1 "  

ppm from TMS 100 80 60 40 20 0 
Figure 3 .  C-13 nmr spectra of so lubi l ized  coal  no.  7 a f t e r :  

A - t r i p l e  e thylat ion;  B-triple Dg-ethylation. 

b 

ppm from TMS 100 80 60 40 20 0 
Figure 4 .  C-13 nmr spectra of s o l u b i l i z e d  coal  no. 7 a f ter:  

A-f irs t  a l ternate  e thylat ion;  B-sample A ethylated 
once more. 


